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Impaired learning in mice with abnormal short-lived plasticity 
Alcino J. Silva*, Thomas W. Rosahl†, Paul F. Chapman*‡§, Zachary Marowitz*,
Eugenia Friedman*, Paul W. Frankland*, Vincenzo Cestari*, Dianna Cioffi*,
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Background: Many studies suggest that long term potentiation (LTP) has a role in
learning and memory. In contrast, little is known about the function of short-lived
plasticity (SLP). Modeling results suggested that SLP could be responsible for
temporary memory storage, as in working memory, or that it may be involved in
processing information regarding the timing of events. These models predict that
abnormalities in SLP should lead to learning deficits. We tested this prediction in
four lines of mutant mice with abnormal SLP, but apparently normal LTP — mice
heterozygous for a a-calcium calmodulin kinase II mutation (aCaMKII+/–) have
lower paired-pulse facilitation (PPF) and increased post-tetanic potentiation
(PTP); mice lacking synapsin II (SyII–/–), and mice defective in both synapsin I and
synapsin II (SyI/II–/–), show normal PPF but lower PTP; in contrast, mice just
lacking synapsin I (SyI–/–) have increased PPF, but normal PTP.
Results: Our behavioral results demonstrate that aCaMKII+/–, SyII–/– and SyI/II–/–
mutant mice, which have decreased PPF or PTP, have profound impairments in
learning tasks. In contrast, behavioral analysis did not reveal learning deficits in
SyI–/– mice, which have increased PPF.
Conclusions: Our results are consistent with models that propose a role for SLP
in learning, as mice with decreased PPF or PTP, in the absence of known LTP
deficits, also show profound learning impairments. Importantly, analysis of the
SyI–/– mutants demonstrated that an increase in PPF does not disrupt learning.
Introduction
A considerable number of experimental and modeling
results indicate that stable, long-lasting changes in synaptic
function are involved in memory formation [1–3].
However, little is known about the brain function of short-
lived (milliseconds to seconds) changes in synaptic
strength [4]. Studies with a variety of organisms suggest
that short-lived plasticity (SLP) might endow neural cir-
cuits with the ability to adapt quickly to changing environ-
ments. For example, short-term decreases in synaptic
efficacy seem to underlie habituation to repeated stimuli,
such as habituation of the gill-withdrawal response in
Aplysia [5], and the habituation of escape responses in ver-
tebrate and invertebrate species [6–8]. Interestingly,
abnormal short-term plasticity was found in the neuromus-
cular junction of Drosophila learning mutants [9]. These
results suggest that SLP may play a role in learning even in
the central nervous system.
SLP has also been included in computational models of
neuronal function [10,11]. With elements of SLP, a con-
tinuous time neural network model was able to discrimi-
nate different temporal patterns, suggesting that SLP and
other time-dependent synaptic properties may enable net-
works to transform temporal information into a spatial
code, a critical element in many forms of learning [10].
Brief changes in synaptic strength could also be involved
in storing information for very short periods, as in working
memory [11].
Taken together, the studies mentioned above suggest that
SLP is not simply a byproduct of the complex regulation
of longer-lasting changes in synaptic strength, but that it
may have a significant role of its own in information pro-
cessing. The availability of mutants with normal long-term
potentiation (LTP), but abnormal SLP has allowed us to
address this hypothesis.
Results
General observations
Mice heterozygous for a a-calcium calmodulin kinase II
mutation (aCaMKII+/–) [12,13], synapsin I mutant homozy-
gotes (SyI–/–) [14–16], synapsin II mutant homozygotes
(SyII–/–) [15] and mice homozygous for both synapsin muta-
tions (SyI/II–/–) [15,17] do not have general deficits in brain
morphology and synaptic connectivity [13–16]. These
mutants are viable, have normal life expectancies, and show
no hints of ataxia. However, we observed age-dependent
seizures in SyI–/– and SyII–/– mutant mice [15]. Neverthe-
less, SyI–/– mutants show normal conditioning and spatial
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learning (see below), demonstrating that their propensity
for seizures does not interfere with learning.
Fear conditioning studies with aCaMKII+/– mice
Previous studies [12], which we have confirmed (data not
shown), indicated that paired-pulse facilitation (PPF) is
decreased, and post-tetanic potentiation (PTP) is increased,
in the hippocampal CA1 region of aCaMKII+/– mice. These
results confirmed the involvement of this kinase in pre-
synaptic function [18]. To begin to determine whether the
SLP abnormalities of the aCaMKII+/– mutants could affect
learning, we tested their ability to perform a contextual con-
ditioning task, which is sensitive to hippocampal lesions
[19, 20]. In this test, animals “learn to fear” the context in
which they receive a foot shock (unconditioned stimulus,
US; 0.75 mA). Their behavioral response — the inhibition
of all but respiratory movement (referred to as ‘freezing’) —
is thought to be an expression of this fear [21].
Contextual conditioning was tested 24 hours after training.
Control mice (n = 19) clearly demonstrated contextual con-
ditioning, because they spent 33±5 % of a 5 minute testing
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Figure 1
Contextual conditioning test 24 h after
training. (a) aCaMKII+/– mice and controls
were given one CS/US pairing. Two-way
ANOVA with one repeated measure showed
that controls expressed significantly more
freezing responses than aCaMKII+/– mice
(F(1,38) = 17.96; p <0.0001). Planned
comparison of the contextual freezing
responses in aCaMKII+/– mice and controls
confirmed a significant difference (p <0.0001
for minutes 1–4, and p <0.01 for minute 5).
(b) aCaMKII+/– mice and controls were given
five CS/US pairings. Again, controls
expressed significantly more freezing
responses than aCaMKII+/– mice
(F(1,16) = 8.31; p <0.01). A separate two-
way ANOVA of freezing responses revealed
that the aCaMKII+/– mutant mice trained with
five CS/US pairings showed more freezing
that mutants trained with a single CS/US
pairing (F(1,28) = 29.13; p <0.0001).
Planned comparison analysis confirmed a
significant difference for each minute
(p <0.0001). (c) SyII–/– mice and controls
were given one CS/US pairing. Two-way
ANOVA with one repeated measure showed
that controls expressed significantly more
freezing responses then SyII–/– mice
(F(1,25) = 13.55; p <0.001). Planned
comparison of freezing responses 24 h after
one CS/US pairing by SyII–/– mice and
controls confirmed a significant difference
(p <0.0001 for minutes 1–4, and p <0.005 for
minute 5). (d) SyII–/– mice and controls were
given five CS/US pairings. Overall, controls
showed more freezing (F(1,18) = 4.73;
p <0.05). However, the planned comparison
of freezing responses between SyII–/– mice
and controls confirmed a significant difference
for minutes 1–3 (p <0.05), but not for minutes
4 (p = 0.18) and 5 (p = 0.14). A separate
two-way ANOVA of freezing responses
revealed significantly more freezing in the
mutants trained with five CS/US pairings than
in those given one CS/US presentation
(F(1,22) = 30.17; p <0.0001). Planned
comparison analysis confirmed a significant
difference for each minute (p <0.0001). (e)
SyI–/– mice and controls were given one
CS/US pairing. Two-way ANOVA with one
repeated measure failed to reveal any
significant difference between mutants and
controls (F(1,12) = 0.36; p = 0.56). (f)
SyI/II–/– mice and controls were given five
CS/US pairings. Overall, controls showed
significantly more freezing (F(1,12) = 5.81;
p <0.05) Planned comparison of freezing
responses 24 h after five CS/US pairings
between SyI/II–/– mice and controls confirmed
a significant difference for minutes 1–4
(p <0.01), but not for minute 5 (p = 0.17). The
bars represent the standard error mean in all
figures.
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interval without any perceptible movement (Fig. 1a). In
contrast, the aCaMKII+/– mutant mice (n = 21) showed no
evidence of contextual conditioning (6.5 ± 4 %; p <0.0001).
We found that pre-exposure of the mice to the cage for
15 minutes the day before training (n = 5 for each group),
testing them 1 hour after training (n = 5 for each group), or
conditioning them without tone (n = 6 for each group)
using a lower US intensity (0.45 mA; n = 6 for each group)
all failed to reveal any contextual freezing in the
aCaMKII+/– mutants (data not shown).
In contrast to the results obtained from the contextual
conditioning experiments, aCaMKII+/– mutants showed
some evidence of being conditioned to a tone (condi-
tioned stimulus, CS; 2800 Hertz tone for 30 seconds at
85 dB), a form of learning that is not affected by hip-
pocampal lesions [20,22]. Figure 2a shows that during
3 minutes of testing in a novel context 24 hours after train-
ing, the tone triggered an increase in freezing by mutants
and control animals. Notably, the mutant mice showed
less overall freezing than controls (35 ± 5 % and 55 ± 5 %,
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Figure 2
Cued conditioning test 24 h after training. (a)
The mice were trained with a single CS/US
pairing. Analysis of freezing responses in
aCaMKII+/– mice and controls in a novel
context before the onset of CS (minutes –3 to
–1) revealed a significant difference between
genotypes (F(1,30) = 5.22; p <0.05). Two-way
ANOVA with one repeated measure showed
that controls overall expressed significantly
more freezing responses than aCaMKII+/– mice
with onset of CS (F(1,30) = 9.18; p <0.005).
However, the planned comparison of freezing
responses between aCaMKII+/– mice and
controls revealed no significant difference for
minute 1 (p = 0.61), but controls showed
significantly greater freezing on minute 2
(p <0.05) and minute 3 (p <0.0001). (b) No
difference was found between the freezing
responses of aCaMKII+/– and control mice
trained with five CS/US pairings when tested
in a novel context before the onset of CS
(F(1,16) = 0.78; p = 0.39). Two-way ANOVA
with one repeated measure showed that
controls expressed significantly more overall
freezing than aCaMKII+/– mice with the onset
of the CS (F(1,16) = 9.57; p <0.01). A
planned comparison revealed no significant
difference for the first minute (p = 0.99), but
controls showed significantly more freezing for
minutes 2 (p <0.01) and 3 (p <0.0001). A
separate two-way ANOVA of freezing
responses revealed a significantly larger
freezing response in the mutants trained with
five CS/US pairings over those trained with
one CS/US pairing (F(1,28) = 17.14;
p <0.0001). (c) No difference in freezing
responses was found between SyII–/– mice
and controls trained with one CS/US when
tested in a novel context (F(1,25) = 0.24;
p = 0.55). In response to the CS, controls
expressed overall significantly more freezing
responses than SyII–/– mice (F(1,25) = 5.16;
p <0.05). (d) No difference in freezing
responses was found between SyII–/– mice
and controls trained with five CS/US pairings
when tested in a modified context before the
onset of CS (F(1,18) = 0.58; p = 0.45), or with
onset of CS (F(1,18) = 0.21; p = 0.65). (e) No
difference was found in freezing responses
between SyI–/– mice and controls trained with
one CS/US pairing when tested in a novel
context before the onset of CS
(F(1,12) = 0.35; p = 0.58), or with onset of CS
(F(1,12) = 0.04; p = 0.83). (f) No difference
was found in freezing responses between
SyI/II–/– mice and controls trained with five
CS/US pairings when tested in a novel context
before the onset of CS (F(1,12) = 0.29;
p = 0.60). With onset of CS, controls
expressed significantly more freezing
responses than SyI/II–/– mice (F(1,12) = 5.65;
p <0.05). A separate two-way ANOVA of
freezing responses found no significant
differences between SyI/II–/– and SyII–/– mice
(F(1,15) = 0.71; p = 0.41).
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respectively; p <0.005). In the first minute of testing,
however, the extent of freezing shown by the mutants was
nearly identical to that of controls (53 ± 8 % and 56 ± 4 %,
respectively; p = 0.61; n = 16 in each group). Thus,
aCaMKII+/– mice can hear the sound, they can associate it
with an aversive stimulus, they can remember this associa-
tion a day later, and they can show freezing responses,
indicating that the aCaMKII+/– mutants that we studied
do not show a complete loss of fear conditioning. Impor-
tantly, we have also found that the aCaMKII+/– mice, as
well as all the other mutant strains tested here, have
normal nociceptive reactions to a range of US intensities
(0.05–1.0 mA; n >5 in each group tested).
We next tested whether intensive training could
compensate for the contextual learning deficits of the
aCaMKII+/– mutants. We trained a second group of
aCaMKII+/– mice and controls with five conditioning trials
(n = 11 and n = 7, respectively). Figure 1b indicates that,
although intensive training triggered significantly more
contextual freezing than training with one trial, the
aCaMKII+/– mutants still showed a contextual condition-
ing deficit (p <0.01). It is noteworthy that, even though the
cued conditioning deficit in aCaMKII+/– mutants is much
less pronounced than their contextual conditioning deficit,
it is nevertheless still apparent with intensive training (Figs
1a,b and  2a,b). Interestingly, aCaMKII–/– mice (n = 7)
show no cued or contextual conditioning (data not shown;
see also [23]). Taken together, these data demonstrate that
the aCaMKII mutation has a profound effect on fear con-
ditioning in mice.
LTP and its reversal in aCaMKII+/– mice
To determine whether the deficit in conditioning could
be due to abnormalities in long-term synaptic changes
[13], we studied LTP and its reversal in aCaMKII+/–
mutant mice. LTP induced with four different tetanus
protocols in the CA1 region of the hippocampus did not
reveal any differences between aCaMKII+/– mutants and
their control littermates (Fig. 3 and data not shown). We
were similarly unable to detect any abnormalities in the
reversal of LTP, triggered with 900 pulses at 1 Hertz, after
first inducing LTP with a 10 theta-burst tetanus (Fig. 3c).
Thus, although aCaMKII+/– mutants show abnormal SLP
[12], long-term plasticity in the hippocampal CA1 region is
normal in these mutant mice. 
It is important to note that, although PTP expressed within
minutes of the tetanus is not impaired (Fig. 3), PTP
expressed seconds after the tetanus is impaired [12]. Several
studies have shown that the increase in synaptic strength
that immediately follows episodes of high frequency stimu-
lation (PTP) is actually a sum of several experimentally dis-
tinguishable potentiation/facilitation phenomena [4].
Interestingly, the aCaMKII and synapsin II mutations pri-
marily affected the facilitation that is expressed within
seconds of the tetanus [12,15]. The distinct time course of
these phenomena, as well as their differing requirements
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Normal long-term synaptic plasticity in aCaMKII+/– mutant mice. Field
excitatory postsynaptic potentials (fEPSPs) were recorded as
described in Materials and methods. Data points were derived by
averaging the results obtained from aCaMKII+/– mutant mice
(triangles) or wild-type control animals (circles). The value for each
point is the arithmetic mean of the fEPSP measured at an equivalent
time point from all slices taken from either aCaMKII+/– or control mice
subjected to the same stimulation protocol (no more than three
protocols per animal). (a) A tetanus consisting of 2 theta bursts was
applied to Schaffer collateral/commissural synapses in CA1 to induce
LTP at 32 °C (n = 8 and n = 7 for mutants and controls, respectively).
(b) 10 theta bursts were used to induce LTP in mutant (n = 9) and
control mice (n = 9) at 32 °C. (c) After 20 min of stable baseline
measurements of fEPSPs (at 25 °C), LTP was induced with a 10
theta-burst tetanus. 30 min after LTP induction, the reversal of LTP
was triggered with 900 pulses delivered at 1 Hz. No differences were
found between mutant (n = 8) and control mice (n = 7) in either LTP
or its reversal.
for aCaMKII and synapsin II, confirms that they are not
regulated by a single mechanism [4].
Fear conditioning studies with SyI/II–/– mutant mice
To address further the hypothesis that abnormalities in
SLP disrupt learning, we tested a mouse that lacked
synapsin II, a protein which is abundant in synaptic termi-
nals [15]. SyII–/– mice showed normal PPF, but PTP was
smaller than in controls [15]. Additionally, the loss of
synapsin II appeared not to affect LTP in either the CA1 or
the CA3 regions of the hippocampus [17]. Figure 1c shows
that, as with aCaMKII+/– mutants, SyII–/– mutant mice
trained with a single US exhibited little or no contextual
conditioning (9 ± 3 %; n = 14), whereas control littermates
showed clear evidence of conditioning (33 ± 6 %; p <0.001;
n = 13). In contrast, the results in Figure 2c indicate that
SyII–/– mutants show evidence of conditioning to a tone
with a single trial (32 ± 6 %; p < 0.001; n = 13). Figure 1d
demonstrates that, as with aCaMKII+/– mutants, SyII–/–
mice trained with five conditioning trials still have a clear
deficit in contextual conditioning (50 ± 6 % and 75 ± 7 %
for mutants and controls, respectively; p < 0.05; n = 10 in
each group). However, Figure 2d indicates that cued condi-
tioning is identical in SyII–/– mutants and controls after five
CS/US pairings (58 ± 8 %, and 62 ± 7 %, respectively;
p = 0.65; n = 10 in each group). Although less severe than
in the homozygotes, the heterozygous synapsin II mutants
(n = 10 for both mutants and controls) trained with one
CS/US pairing were also impaired in contextual, but not in
cued conditioning (data not shown). When the heterozy-
gotes were studied, the synapsin II mutation was trans-
ferred (>93 %) into the C57Bl/6 background. Because
even heterozygous mice showed deficits in contextual
conditioning, recessive mutations linked to the targeted
gene cannot account for the behavioral deficits of the
synapsin II homozygotes.
We next tested mice lacking synapsin I [14], another
protein abundant in presynaptic terminals. These mutants
show increased PPF, whereas studies of LTP and, signifi-
cantly, PTP, did not reveal any abnormalities [14,15].
Figure 1e indicates that conditioning with a single US trig-
gered similar amounts of contextual freezing in SyI–/– and
control mice (45 ± 7 % and 38 ± 8 %, respectively;
p = 0.56; n = 7 in each group) tested 24 hours after train-
ing. Additionally, cued conditioning experiments did not
reveal any significant difference between SyI–/– mutants
and controls (p = 0.83; Fig. 2e and data not shown). Similar
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Figure 4
Performance of mice in the hidden-platform
version of the water maze. (a) aCaMKII+/–
mutants and controls were trained with two
trials a day for 14 days. The average time to
reach the platform was plotted against the day
of the trial. A two-way ANOVA with one
repeated measure showed that the overall
performance of the control mice was
significantly better than that of the mutant
mice (F(1,12) = 18.02; p <0.001). Planned
comparisons of latency between aCaMKII+/–
mutants and controls on each individual day
confirmed a significant difference for days
4–14 (p <0.05), but not for days 1–4
(p >0.05). (b)The graph shows the results of
a probe trial given on day 15 of training. The
controls (F(3,24) = 10.25; p <0.0001), but
not the mutants (F(3,24) = 0.42; p = 0.73),
crossed the training site more often than any
equivalent site in the other three quadrants.
There was a significant genotype–quadrant
interaction (F(3,48) = 6.55; p <0.001). (c)
SyI+/– mice (n = 12) and controls (n = 7) were
trained as described above. Two-way ANOVA
with one repeated measure did not reveal a
significant difference in overall performance of
mutants and controls (F(1,17) = 1.72;
p = 0.21). Planned comparisons of latency
between SyI+/– mutant and control mice on
each individual day showed a significant
difference only for day 10 (p <0.05), but not
for any other days. (d) The graph shows the
results of a probe trial given on day 15 of
training. SyI+/– mice (F(3,44) = 8.45;
p <0.001) and control mice (F(3,24) = 7.50;
p <0.001) crossed the exact site where the
platform was located during training more
often than they crossed equivalent sites in the
other three quadrants. No significant
genotype–quadrant interaction was observed
(F(3,68) = 0.57; p = 0.45). TQ stands for
training quadrant; AR for the adjacent
quadrant to the right of TQ; AL for adjacent
quadrant to the left; OP for opposite.
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results were also obtained for cued and contextual condi-
tioning triggered with either one (n = 8 for each group) or
five (n = 7 for each group) trials using a milder US (0.45 mA;
data not shown), indicating that the results obtained with a
stronger US were not due to a ceiling effect.
To examine whether the loss of synapsin I had more
noticeable effects on behavior in the absence of the closely
related synapsin II molecule, we generated animals
lacking both synapsins [15]. The SyI/II–/– mutants were
trained with five CS/US pairings (Figs 1f and 2f), because
only this training protocol triggered significant contextual
conditioning in SyII–/– mice (Fig. 1d). However, the results
shown in Figure 1 indicate that the levels of contextual
conditioning shown by the SyII–/– and SyI/II–/– mice
(n = 7) were identical. Similar results were also obtained
with cued conditioning experiments (Fig. 2). The differ-
ence between the contextual conditioning results obtained
with SyII–/– and control mice was slightly larger than that
between SyI/II–/– mice and their controls. Thus, the loss of
synapsin I (in SyI/II–/– mice) may result in a subtle exacer-
bation of the conditioning deficits caused by the lack of
synapsin II. Importantly, the SyI/II–/– mice have normal
CA1 and CA3 LTP, show decreases in PTP in both the
CA1 and CA3 regions and have normal PPF [15,17].
Water maze studies
To extend the conditioning findings, we also examined
the mutant mice in the water maze tasks [24]. We tested
the aCaMKII+/– mice with two training trials each day for
14 days in the hidden-platform version of the water maze,
a task that is sensitive to hippocampal lesions [25,26].
Figure 4a shows that the control mice took less time to
locate the platform than the aCaMKII+/– mutants
(p <0.0001; n = 6 and n = 10, respectively). At the end of
training, we tested the mice on a probe trial with the plat-
form removed from the pool. The control mice spent
44 ± 4 % (p <0.001) of their time swimming in the pool
quadrant where the platform had been during training, but
the aCaMKII+/– mutants only spent 20 ± 4 % of the time
there (p >0.05). Additionally, Figure 4b shows that, in this
probe trial control, mice crossed the exact location of the
hidden platform significantly more times than did the
aCaMKII+/– mutants (p <0.001), thus confirming their pro-
found learning deficit. In contrast to aCaMKII+/– mutants,
the performance of SyI–/– mutants (n = 12) in the hidden-
platform version of the water maze (two trials per day for
14 days) was indistinguishable from that of their control
littermates (n = 7; Fig. 4c,d).
In the visible-platform version of the water maze, a task
that is not affected by hippocampal lesions [25], the loca-
tion of the escape platform is marked by placing an object
on it. Figure 5 shows that the performance of the
aCaMKII+/– mice (n = 9) in this test was indistinguishable
from that of control littermates (n = 7), demonstrating that
the spatial learning deficits of the aCaMKII+/– mutants
were not due to deficits in motivation, vision or the motor
skills required to take direct trajectories to the platform.
Additionally, very intensive training in the hidden-
platform version of the water maze (12 trials per day for
5 days) revealed evidence of spatial learning in the
aCaMKII heterozygotes (n = 24; data not shown). In
contrast, previous results showed that even this intensive
training did not reveal spatial learning in the homozygous
group [27]. Taken together, these data suggest that both
the SLP and LTP [12,13] deficits contribute to the
learning abnormalities of the homozygotes [27].
Analysis of the performances of the SyI–/– mutants in the
visible-platform task revealed that they behaved normally
in this test (n = 7 for each group; data not shown). Thus,
behavioral tasks involving a wide range of brain systems did
not reveal deficits in SyI–/– mutant mice. Remarkably, these
mutants have abnormalities in synaptic vesicles, show
lowered thresholds for behavioral and electrographic
seizures, and have greater PPF [14–16]. Despite all of these
abnormalities, we found that SyI–/– mutants learn normally
in a variety of tests, demonstrating that not all abnormalities
in synaptic function disrupt learning. Table 1 summarizes
the electrophysiological and behavioral results.
Discussion
The mutant lines used in this study lack key pre-synaptic
proteins that are known to affect the regulation of neuro-
transmitter release [12,14,15,28]. It is noteworthy that the
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Figure 5
Performance of mice in the visible-platform version of the water maze.
aCaMKII+/– mutant and control mice were given three blocks of four
trials on two consecutive days in the visible-platform version of the
water maze, and the time that it took them to reach the platform was
recorded. Two-way ANOVA with one repeated measure did not reveal
a significant difference in overall performance of mutants and controls
(F(1,14) = 0.78; p = 0.55).
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electrophysiological changes detected in the mutant mice
were very specific, and that hippocampal CA1 LTP
seemed to be unaffected in these mutants. The loss of
synapsin II also does not affect LTP in the mossy fiber
pathway of the hippocampus, even though it does disrupt
PTP there [17]. Importantly, SyII–/–, SyI/II–/– and
aCaMKII+/– mutants, which have decreased PTP or PPF,
have learning deficits, whereas the increase in PPF does
not appear to disrupt learning in the SyI–/– mutant mice.
It is interesting that the aCaMKII and synapsin II
mutations seem to have a deleterious impact on
hippocampus-dependent behaviors. The aCaMKII+/–
mutants are profoundly impaired in the hidden-platform,
but not the visible-platform, version of the water maze.
The results from the water maze experiments suggest that
hippocampal synapses are involved in the behavioral phe-
notypes of the mutant mice, but the fear conditioning
results indicate that other brain regions may also be
affected. Additionally, aCaMKII is not expressed in hip-
pocampal inhibitory synapses [29], which would implicate
glutamatergic synapses in the behavioral phenotype of the
aCaMKII+/– mutants. It is important to note that, although
these mutants show evidence of cued conditioning, they
reveal clear deficits in this task, suggesting that the impact
of the mutations is not restricted to the hippocampus.
aCaMKII is also expressed, albeit at lower levels, in the
amygdala [30], which may account for the impairments in
cued conditioning. 
It is important to note that the aCaMKII and synapsin II
mutations seem to result in disrupted learning, but do not
seem to affect the ability to perform in learning tasks. For
example, aCaMKII+/– mutants perform normally in the
visible-platform test, demonstrating that they have the
required vision, motivation and motor coordination to
escape to the platform in the spatial version of the water
maze. In the fear conditioning tasks, the aCaMKII+/–
mutants showed that they could sense the US normally
and that they could show freezing responses. The deficits
in fear conditioning may therefore be due to learning
impairments in these mice. Similarly, SyII–/– mutant mice
also had normal nociceptive reactions to the US, and they
showed freezing responses. Therefore, the fear condition-
ing impairments in these mutants may also result from
learning impairments. 
How can SLP affect learning? Previous modeling work has
provided at least two formal hypotheses for the involve-
ment of SLP in learning. SLP could be responsible for the
temporary storage of information [11] in working memory
[31]. During learning, animals are thought briefly to store
information that has to be retrieved imminently. This
information may be relevant only for the animal’s immedi-
ate performance and, because it is of little general use, it is
probably discarded quickly. For example, in tasks such as
the water maze, animals may retain specific information
about places visited in their searches for the platform.
Therefore, working memory requires a mechanism that
can be easily induced and quickly erased. Interestingly,
SLP involves synaptic changes that are short-lived and
easily reversed, suggesting that these synaptic mechanisms
may play a role in working memory.
SLP has also been proposed to have a role in storing
information about the timing of events [10]. Temporal
information could be very important in many complex
learning tasks, such as the water maze. The relative
sequence of spatial information that the animals are
exposed to as they search for the hidden platform may be
an important component of the cognitive processes
involved in building a map of the room. Because the
animals cannot be exposed simultaneously to all spatial
cues that surround the pool, the specific sequence of
visual information acquired during their searches for the
platform could be critical for determining the spatial rela-
tions between the objects seen from the pool. Similar
arguments could also be made for learning the context in
which the animals receive the US. In contrast, remember-
ing the exact sequence of events may not be as important
for learning the invariable relations between the object
marking the position of the platform and the platform
itself (in the visible water-maze test), or between the
sound and the US during conditioning.
As information flows through the hippocampus, these
brief but highly dynamic changes in synaptic strength
could also have other roles. SLP is highly responsive to a
neuron’s recent history of activation, to the architecture of
circuits, and to brain-wide modulatory mechanisms [4]. It
is likely that hippocampal circuits use these properties to
implement complex algorithms that process, modify, filter
and integrate information. PTP, for example, may have a
powerful impact in the probability of spike generation.
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Table 1
Summary of electrophysiological and behavioural results
aCaMKII+/– SyII–/– SyI/II–/– SyI–/–
PPF Lower Normal Normal Higher
PTP Higher Lower Lower Normal
LTP Normal Normal Normal Normal
LTD/Dep Normal Normal Normal Normal
Context Severely imp. Severely imp. Severely imp. Normal
Cued Mildly imp. Mildly imp. Mildly imp. Normal
Spatial-WM Severely imp. N/A N/A Normal
Visual-WM Normal N/A N/A Normal
‘LTD/Dep’ refers to LTD and depotentiation experiments; ‘context’ and
‘cued’ refer to contextual and cued conditioning, respectively; spatial-
WM and visual-WM refer to the spatial and visual versions of the water
maze, respectively; ‘imp.’ stands for impaired; N/A, not analyzed. For all
other abbreviations and references see text.
The SyII–/– and SyI/II–/– mice show a decrease in PTP,
whereas the aCaMKII+/– mutants have a decrease in PPF
and an increase in PTP. In this respect, it is noteworthy
that there are also differences between their performances
in the learning tests.The aCaMKII+/– mutants show a fast
decrease in freezing responses during cued and contextual
conditioning, whereas SyII–/–, SyII+/– and SyI/II–/– mice do
not. Instead, these synapsin mutant lines show a gradual
increase in contextual freezing throughout the 5 minutes
of testing. The key behavioral observation that we made is
that mice with a decrease in SLP (PTP or PPF) show pro-
found learning deficits, whereas the increase in PPF in
SyI–/– mice did not disrupt learning. 
It is possible that seizures could interfere with these
experiments; however, a comparison of the seizure sever-
ity [15] and the learning deficits in the mutant lines does
not support the hypothesis that seizures are the cause of
the learning deficits. Firstly, the SyI–/– and SyII–/– mutant
mice have similar behavioral seizure frequencies [15], but
only SyII–/– mutants showed abnormal learning. Secondly,
despite their increased neuronal excitability and seizure
propensity [15,16], the SyI–/– mice showed normal learn-
ing and memory in both the fear conditioning and water
maze tests. And thirdly, behavioral observations did not
detect any seizures in the aCaMKII+/– mutant mice
tested. Taken together, these data indicate that seizures
could not account for the learning deficits of the mutants.
The SyII–/– mutation not only results in decreased PTP, but
it also results in lower responses to tetanic stimulation [15].
Furthermore, the aCaMKII+/– mutants not only show
decreased PPF, but also have increased PTP. These other
abnormalities in pre-synaptic function could have an impact
in the learning phenotype of these mutants. Nevertheless,
our results did show that not all deficits in SLP affect learn-
ing, as SyI–/– mutants have slow recovering hyperexcitable
synapses with high PPF, but nevertheless show normal
learning. If all disruptions in synaptic function could affect
learning and memory, then findings such as those described
here would be trivial. However, the data reported here and
several previous studies have demonstrated that only
certain changes in synaptic function result in learning
deficits. For example, the loss of LTD in either the
hippocampal CA1 or CA3 regions, or even in the dentate
gyrus, does not seem to have a measurable effect on
hippocampus-dependent learning [32–35].
The SyI–/– mutant mice have an increase in PPF, and we
did not find evidence that they learn better or faster than
controls. In this respect, it is noteworthy that neural
network modeling has shown that there is no linear corre-
spondence between synaptic weights and the performance
of neural networks. For example, across-the-board
increases or decreases in synaptic weights have an equally
deleterious effect on the performance of tuned neural
networks. Consequently, there is no compelling reason to
assume that more PPF should result in better learning.
Genetic background is an important variable in all genetic
studies, and it is critical to demonstrate that the learning
impairments of the mutants are due to the targeted genes,
and not to other unknown mutations, such as those linked
to the targeted genes. Our results, however, suggest that
the mutations studied are responsible for the phenotype.
Firstly, the aCaMKII+/– mutation that we analyzed in our
electrophysiological [12] and behavioral studies was trans-
ferred (>93 %) into a C57Bl/6 genetic background by
crossing the original 129sv/Ola mutants [13] with C57Bl/6
mice. Secondly, we also confirmed the SyII–/– fear condi-
tioning results with studies in which we used heterozy-
gotes obtained after transferring the mutation (originally in
an inbred 129sv/C57Bl/6 background) into a C57Bl/6 back-
ground (>93 %). The use of heterozygotes eliminates the
possibility that recessive mutations carried over with the
targeted gene could account for the phenotype. Thirdly, it
is unlikely that dominant mutations in the genetic back-
ground could explain the behavioral phenotypes, because
the F1 progeny of C57Bl/6 and 129sv mice are normal in
the fear conditioning and water maze tasks (data not
shown). And finally, is noteworthy that the molecular and
electrophysiological phenotypes for the synapsin II and
aCaMKII mutants are not unrelated to those reported in
previous findings [12,14,15,28], as would be expected if
the phenotypes were caused by random mutations in the
genetic background. Taken together, the evidence indi-
cates that the results obtained were not attributable to
mutations in the genetic background of the mice studied.
However, it is still possible that genetic background con-
tributes to the phenotypes described. For example, we
observed that the phenotype of the aCaMKII+/– mutants
became more and more severe as we transferred the muta-
tion to the C57Bl/6 genetic background (data not shown).
Conclusions
There are four important factors that support the hypothe-
sis that SLP is involved in learning. Firstly, there are
formal theories or explanations for how SLP could be
involved in learning. Without these formal theories, our
results would be mere correlations. Secondly, the studies
presented here provide several lines of evidence (from dif-
ferent mutants and different tasks) that a decrease in SLP
results in learning deficits. Thirdly, studies of simple
forms of learning in invertebrates and lower vertebrates
are also consistent with the proposed hypothesis. And
finally, the observations that mice with a decrease in
either PTP or PPF have impaired learning, but that mice
with an increase in PPF do not, show that learning impair-
ments are not a general result of disruptions in pre-synap-
tic function. Instead, these results indicate that only
certain disruptions of pre-synaptic plasticity seem to have
an impact on learning. The same is true for pre-synaptic
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molecules. While the complete, or even the partial, loss of
either synapsin II or aCaMKII results in learning impair-
ments, the complete elimination of the abundant synapsin
I in SyI–/– mutants does not.
Much of the work on the cellular basis of learning and
memory has focused on stable changes in synaptic func-
tion, such as LTP and depression [36]. However, neurons
express a rich plethora of physiological mechanisms that
could also be involved in the processing and storage of
information [37,38]. Indeed, the results presented here
strongly suggest that SLP has a role in learning. 
Materials and methods
The mice
In the experiments described in this paper, the experimenter was
always blind to the genotype of the subjects. The aCaMKII+/– mutation
was partially transferred to the C57Bl/6 background (>93 %), while
both synapsin mutations were in a 129sv and C57Bl/6 background.
The synapsin II heterozygotes studied were also partially transferred
into the C57Bl/6 background (>93 %). The mice were genotyped
using the polymerase chain reaction protocols. Age- and gender-
matched mutant mice and wild-type controls were used for all experi-
ments. The mice were kept on a 12 h:12 h light:dark cycle, and the
experiments were always conducted during the light phase of the
cycle. With the exception of testing times, the mice had ad lib access
to food and water. The Cold Spring Harbor Laboratory animal facility is
fully accredited by the American Association for the Accreditation of
Laboratory Animal Care, and animals are maintained in accordance
with the Animal Welfare Act and the DHHS guide.
Fear conditioning experiments
The basic protocol for these these experiments has been described pre-
viously [39]. Mice were placed in the conditioning chamber for two
minutes before the onset of the CS (30 sec, 2800 Hz, 85 dB sound). In
the last two seconds of the CS, they were exposed to the US (0.75 mA,
2 sec continuous foot shock). After the CS/US pairing the mice were left
in the conditioning chamber for another 30 sec, and then placed back in
their home cages. Conditioning was assessed by measuring freezing
24 h after training: the animals were judged as either completely immo-
bile or not (respiratory movements were not counted) in intervals of
2 sec. For contextual conditioning, freezing was measured for 5 consec-
utive minutes in the chamber where the mice were trained 24 h before. In
the experiments with five training trials, the five CS/US pairings were
given with 1 min interval between shocks. For testing cued conditioning,
the mice were placed in a novel context 24 h after training (triangular
cage with smooth flat floor, and with lily odorant) for 3 min (pre-CS test),
after which they were exposed to the CS for 3 min (CS test).
Electrophysiological studies
Hippocampal slices (400 mm) were cut into ice cold artificial
cerebrospinal fluid (ACSF) containing 125 mM NaCl, 2 mM KCl,
1.25 mM NaPO4, 26 mM NaHCO3, 10 mM D-glucose, 10 mM MgSO4
and 0.5 mM CaCl2. After dissection, slices were incubated at room
temperature in ACSF containing 1.5 mM Mg2+ and 2.5 mM Ca2+.
Slices were transferred one at a time to a submersion-type recording
chamber. Extracellular field potentials were recorded in stratum radia-
tum of CA1 in response to stimulation of stratum radiatum at the
CA2/CA1 border. Stimuli were delivered once per 15 sec. Stimulus
strength was adjusted so that the slope of the EPSP was 25–35 % of
the maximum evoked response.
Water maze 
The water maze experiments were carried out as described previously
[38]. We tested approximately equal numbers of male and female mice.
Our pool is 1.2 m in diameter and a thermoregulated spiral coil keeps
the water temperature at 28 ± 1 oC. The rim of the pool is 1.5 m from
the nearest visual cue. The movement of the mice is processed by a
digital tracking device (VP118 from HVS Image, England) that calcu-
lates, for example, distance from the platform, relative time spent in dif-
ferent areas of the pool and the number of platform crossings. In the
visible-platform test, a distinct local cue (a symmetrically painted black
and white golf ball) was fixed 5 cm above the center of the submerged
platform. Both the position of the marked platform, and the start posi-
tion of the mice were pseudo-randomly varied from trial to trial. Each
day the mice were trained in three blocks of four trials (60 sec
maximum), with 1 min between trials. Training was completed in 2 days.
The procedure for the hidden platform test was similar to that
described above, except that the platform was not marked by any cue,
and was left in the same place throughout testing. The mice were given
two trials every day for 14 days. Alternatively, the mice were either
trained for 3 or 5 days, with three blocks of four trials per day. In the
probe test used, we removed the platform and measured the time the
mice spent in each quadrant, and how many times the mice crossed
the platform site.
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